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Description of Invention: Give brief description of Invention, and where possible a sketch. Do not write on back of this sheet If additional 
space is necessary, use additional disclosure sheets (R&S 2311) and number consecutively. Sign and date each sheet and have each 
witnessed. Witnesses must be persons capable of understanding invention. If invented prior to date on this sheet, give full details - date 
to whom disclosed, identify drawings, if any, etc. If used in the field, specify for what company and designate well and date. 

Lactides are cyclic, intermolecular double esters formed from a-hydroxy acids. The term can also be used for the 
particular double ester of lactic add. Likewise, glycolide is a term used for the cyclic double ester of glycolic add. 
When these materials are placed in an aqueous media, they will eventually hydrolyze to the parent a-hydroxy 
add. The rate at which they hydrolyze produces a controlled delayed reduction in pH useful as a breaker in 
fracturing fluids. 

The rate of pH reduction was tested with both reagent grade (Aldrich) and agricultural grade (Cargill-Dow) at 130 
degrees F on a HPF fluid. See figure below for pH reduction. For this fluid, a pH of about 8.5 causes the fluid to 
break. The figure on the next page shows the Model 50 break of an HPF fluid at 1 50F with 30 #/M lactkJe. 
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■•-v. 

I 



PS-' 



of an acid chloride, the — OR of an ester, and so on; this group is substituted by another 
group — Y. This is precisely the same type of reaction as esterification of carboxylic 
acids (—X = —OH, E— Y = H— OCH 3 ; Sec 20.8A). Acyl substitution reactions of 
carboxylic acid derivatives are the major focus of this chapter. 

Although nitriles are not carbonyl compounds, the C=N bond behaves chemically 
much like a carbonyl group. For example, a typical reaction of nitriles is addition. 



R— C=N: 4- E— Y 



R — C— N — E 



(21.7) 



(Compare this reaction with addition to the carbonyl group of an aldehyde or ketone.) 
Although the resulting addition products are stable in some cases, in most situations they 
react further. 

Like aldehydes and ketones, carboxylic acid derivatives undergo certain reactions 
involving the a-carbon. The a-carbon reactions of all carbonyl compounds are grouped 
together in Chapter 22. The reactivity of amides at nitrogen is discussed in Sec. 23.1 1C. 




Hydrolysis of Carboxylic Acid Derivatives 

All carboxylic acid derivatives have in common the fact that they undergo hydrolysis (a 
cleavage reaction with water) to yield carboxylic acids. 



A. Hydrolysis of Esters 



Saponification of Esters One of the most important reactions of esters is the 
cleavage reaction with hydroxide ion to yield a carboxylate salts and an alcohol. The 
carboxylic acid itself is formed when a strong acid is subsequently added to the reaction 
mixture. 




OCH, 



+ "OH 



20% NaOH 
5-10 min 



NO, 




O- Na + 



HCl 



NO, 




(21.8) 



methyl 3-nitrobenzoate 



+ CH3OH 



3-nitrobenzoic acid 

(90-96% yield) 



Ester hydrolysis in aqueous hydroxide is called saponification because it is used in 
the production of soaps from fats (Sec. 21.12B). Despite its association with fatty-acid 
esters, the term saponification is sometimes used to refer to hydrolysis in base of any acid 
derivative. 

The mechanism of ester saponification involves attack by the nucleophilic hydroxide 
anion to give a tetrahedral addition intermediate from which an alkoxide ion is expelled. 
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Nl .. 
R— C— OCH3 

-:OH 



:0:r 
R— C-pOCHj 

I v>- 

:OH 

tetrahedral 
addition intermediate 



:Q: 



R— C— OH + ":OCH 3 (21.9*) 



The alkoxide ion thus formed (methoxide in the above example) reacts with the acid to 
give the carboxylate salt and the alcohol. 



:0: 

II o S~ 
R— C— O — H + 

pK a = 4.5 



:OCH 3 



-C — Or- + H — OCH3 (2i.9b) 

p*Ca=15 



The equilibrium in this reaction lies far to the right because the carboxylic acid is a much 
stronger acid than methanol LeChatelier's principle operates: the reaction in Eq. 21.9b 
removes the carboxylic acid from the equilibrium in Eq. 21.9a as its salt and thus drives 
the hydrolysis to completion. Hence, saponification is effectively irreversible. Although an 
excess of hydroxide ion is often used as a matter of convenience, many esters can be 
saponified with just one equivalent of "OH. Saponification can also be carried out in an 
alcohol solvent, even though an alcohol is one of the products of the reaction. If saponifi- 
cation were reversible, an alcohol could not be used as the solvent, because the equilibrium 
would be driven towards starting materials. 



Acid-Gatalyzed Ester Hydrolysis Because esterification of an acid with an alcohol 
is a reversible reaction (Sec. 20.8 A), esters can be hydrolyzed to carboxylic acids in 
aqueous solutions of strong acids. In most cases this reaction is slow and must be carried 
out with an excess of water, in which most esters are insoluble. Saponification, followed 
by acidification, is a much more convenient method for hydrolysis of most esters because 
it is faster, it is irreversible, and it can be carried out not only in water, but also in a 
variety of solvents — even alcohols. 

As expected from the principle of microscopic reversibility (Sec. 10.1), the mechanism 
of acid-catalyzed hydrolysis is the exact reverse of the mechanism of acid-catalyzed esteri- 
fication (Sec. 20.8A). The ester is first protonated by the acid catalyst: 

r H-Q)H 2 +/H 

II II 
R— C — OCH 3 R— C— OCH3 + H 2 0: (2U0a) 

As in other acid-catalyzed reactions at the carbonyl group, protonation makes the carbonyl 
carbon more electrophilic by making the carbonyl oxygen a better acceptor of electrons. 
Water, acting as a nucleophile, attacks the carbonyl carbon and then loses a proton to 
give the tetrahedral addition intermediate: 
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^-0 



R— C— OCH 3 



-:OH 2 




:OH 
I 

R— C — OCH3 + H 3 0 + (21.10b) 
I 

:OH 

tetrahedral 
addition 
intermediate 



Protonation of the leaving oxygen converts it into a better leaving group. Loss of this 
group gives a protonated carboxyiic acid, from which a proton is removed to give the 
carboxyiic acid itself, 




H 2 0 



OH 

R— C— 6— H 
+ 



OH H 

I I 
R— C— OCHj 

I Vis 

OH 



R— C— O— H 

+ CH36H 



:OH 

I * 
R — C=0— H' 



:OH, 



:OH 

! ••4. 

R— C=0 + H 3 0 + 

(21.10c) 



J Study Guide Link: 
/21.4 

: Mechanism of Ester 
Hydrolysis 



r Sttody Guide Link: 
g^ : ; 21.5 
fSpivage of Tertiary 
^Esters and Carbonless 
Z Carbon Paper 



Let's summarize the important differences between acid-catalyzed ester hydrolysis 
and ester saponification. First, in acid-catalyzed hydrolysis, the carbonyl carbon can be 
attacked by the relatively weak nucleophile water because the carbonyl oxygen is proton- 
ated. In base, the carbonyl dxygen is not protonated; hence, a much stronger base than 
water, namely, hydroxide ion, is required to attack the carbonyl carbon. Second, acid 
catalyzes ester hydrolysis, but base is not a catalyst because it is consumed by the reaction 
in Eq. 21.9b. Finally, acid-catalyzed ester hydrolysis is reversible, but saponification is 
irreversible, again because of the ionization in Eq. 21.9b. 

Ester hydrolysis and saponification are both examples of acyl substitution (Sec. 21.6). 
Specifically, the mechanisms of these reactions are classified as nucleophilic acyl substitu- 
tion mechanisms. In a nucleophilic acyl substitution reaction, the substituting group 
attacks the carbonyl carbon as a nucleophile. This nucleophile is 'OH in saponification, 
and H 2 0 in acid-catalyzed hydrolysis; each group displaces, or substitutes for, the —OR 
group of the ester. With the exception of the reactions of nitriles, most of the reactions 
in the remainder of this chapter are nucleophilic acyl substitution reactions. 



Hydrolysis and Formation of Lactones Because lactones are cyclic esters, they 
undergo many of the reactions of esters, including saponification. Saponification converts 
a lactone completely into the salt of the corresponding hydroxy acid. 
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o o 

« I n 

H 2 C O + - QH — ^ H 2 C (21u) 

H 2 C - CH 2 H 2 C — CH 2 — OH 

y-butyrolactone y-hydroxybutyrate 

Upon acidification, the hydroxy acid forms. However, if a hydroxy acid is allowed to stand 
in acidic solution, it comes to equilibrium with the corresponding lactone. The formation 
of a lactone from a hydroxy acid is nothing more than an intramolecular esterification 
(an esterification within the same molecule) and, like esterification, the lactonization 
equilibrium is acid- catalyzed. 

O 

C 0H catS^t ^ 





0 + H 2 0 ~ 160 (21.12) 



OH 



,C — OH acid 
catalyst 




OH 




1^ = 3.3 (21.13) 



As the examples in Eqs. 21.12 and 21.13 illustrate, lactones containing five- and sbc- 
membered rings are favored at equilibrium over their corresponding hydroxy acids. 
Although lactones with ring sizes smaller than five or larger than six are well known, they 
are less stable than their corresponding hydroxy acids. Consequently, the lactonization 
equilibria for these compounds favor instead the hydroxy acids. 

O 

II acid O 

CC — OH catalyst 1 — O (almost no lactone . 

^ |_J+H 2 0 ^ent at equilibrium) < 2U4) 
OH 



B. Hydrolysis of Amides 



Amides can be hydrolyzed to carboxylic acids and ammonia or amines by heating them 
in acidic or basic solution. 

Ph O Ph O 

CH 3 CH 2 CHC-NH 2 + H 2 0 * CH 3 CH 2 CHC OH + NH 4 HSO4 (21.15) 

2-phenylbutanamide 2-phenylbutanoic acid 

F 7 (88-90% yield) 

In acid, protonation of the ammonia or amine by-product drives the hydrolysis equilib- 
rium to completion. The amine can be isolated, if desired, by addition of base to the 
reaction mixture following hydrolysis, as in the following example. 
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protonated amine 




HCU2O 




"OH 



CH 3 
+ CH 3 C0 2 H 




+ H 2 0 + Cl- 



(21.16) 



CH 3 
(60-67% yield) 



Hydrolysis of amides in base is analogous to saponification of esters. In base, the 
reaction is driven to completion by formation of the carboxylic acid salt. 



O 
II 

NH — C— CH 3 
.N0 2 




NH, 



30% KQH 

CH3OH/H2O 
heat 



OCH, 




NO, 



+ CH 3 COj K + (21.17) 



OCH 3 
(95-97% yield) 



The conditions for both acid- and base-promoted amide hydrolysis are considerably 
more severe than the corresponding reactions of esters. That is, amides are considerably 
less reactive than esters. The relative reactivities of carboxylic acid derivatives are discussed 
in Sec. 21.7E. 

The mechanisms of amide hydrolysis are typical nudeophilic acyl substitution mecha- 
nisms; you are asked to explore this point in Problem 21.10. 




21.10 Show in detail the hydrolysis mechanism of AT-methylbenzamide *(a) in acidic 
solution; (b) in aqueous NaOH. Assume that each mechanism involves a tetrahe- 
dral addition intermediate. 

21.11 Give the structures of the hydrolysis products that result from each of the 
following reactions. 

*(a) O 



(b) 



(CH 3 ) : 



11 

CH— C— N J + H 2 0 



NaOH 
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C. Hydrolysis of Nitrites 



Nitriles are hydrolyzed to carboxylic acids and ammonia by heating them in acidic or 
basic solution. 



phCH2 _C^N + 2H 2 0 + H 2 S0 4 PhCH 2 -C0 2 H + NH 4 + HS0 4 ~ 

(57 wt %) phenylacetic acid 

(78% yield) 



(21.18) 



phenylacetonitrile 




C=N 



+ KOH + H 2 0 



heat . 
17 hr 



1-cyclohexene- 
carbonitrile 




O 
II 

C— O- K + 



+ NH 3 



H3O+. 




CO z H 



+ K + (21.19) 



1-cyclohexene- 
carboxylic acid 
(79% yield) 

Nitriles hydrolyze more slowly than esters and amides. Consequently, the conditions 
required for the hydrolysis of nitriles are correspondingly more severe. 

The mechanism of nitrile hydrolysis in acidic solution involves, first, protonation 
of the nitrogen (Sec. 21.5): 



R _ C == N rH-Q>H 2 R— C=N-H + :OH 2 



(21.20a) 



This protonation makes the nitrile carbon much more electrophilic, just as protonation 
of a carbonyl oxygen makes a carbonyl carbon more electrophilic. Attack of the nucleo- 
phile water on the nitrile carbon and loss of a proton gives an intermediate called an 
imidic acid. 



R— C=N— H R— C=N— H 

U 



O 
HO + — H 



:OH 2 



HO: 
I 

R — C=N — H + HjCT (21.20b) 
an imidic acid 



The imidic acid is unstable and is converted under the reaction conditions into an amide: 




R— C=N — H 



Ci 



-H 



R— C=NH 2 



R— C— NH 2 



«<TY 

:OH 2 



R— C— NH 2 + H 3 6 + (2i.20c) 
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R— C=N: 



Because amide hydrolysis is faster than nitrile hydrolysis, the amide formed in Eq. 21.20c 
does not survive under the vigorous conditions of nitrile hydrolysis, and is hydrolyzed 
to a carboxylic acid and ammonium ion, as discussed in Sec. 21.7B. Thus, the ultimate 
product of nitrile hydrolysis in acid is a carboxylic acid. 

Notice that nitriles behave mechanistically much like carbonyl compounds. Compare, 
for example, the mechanism of acid-promoted nitrile hydrolysis in Eqs. 21.20a and b 
with that for the acid-catalyzed hydration of an aldehyde or ketone (Sec. 19.7A). In both 
mechanisms, an electronegative atom is protonated (nitrogen of the C=N bond, or 
oxygen of the C=0 bond), and water attacks the carbon of the resulting cation. 

The parallel between nitrile and carbonyl chemistry is further illustrated by the 
hydrolysis of nitriles in base. The nitrile group, like a carbonyl group, is attacked by basic 
nucleophiles and, as a result, the electronegative nitrogen assumes a negative charge. 
Proton transfer gives an imidic acid (which, like a carboxylic acid, ionizes in base). 



OH 



R— C=N: 
I 

:OH 



H — OH 



R— C=NH 
I 

:OH 
imidic acid 



:OH 



R— C=NH + H 2 6 



:0:- 

ionized 
imidic acid 



(21.21a) 



As in acid-promoted hydrolysis, the imidic acid reacts further to give the corresponding 
amide, which, in turn, hydrolyzes under the reaction conditions to the carboxylate salt 
of the corresponding carboxylic acid (Sec. 21.7B). 



I A. 
R— C==NH 




:0: 
II 

R— C— NH 2 + ~:OH 



amide 



hydrolysis 



:Q: 



R—C—pr + :NH 3 (2i.2ib) 



P : Chlorides and Anhydrides 

Acid chlorides and anhydrides react rapidly with water, even in the absence of acid or 
base catalysts. 



■PS-'-. 



o 



O + H O roon> temperature, 
2 few minutes 



X0 2 H 

c 

II 

W ^C0 2 H 



BEST AVAILABLE 



(94% yield) (21.22) 
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p \ f 

c=cn—c—c\ + h 2 o 

Ph 



1) Na 2 C0 3 

2) H,0 + 



P \ ? 

/ C=CH— C— OH 
Ph 

(>95% yield) 



(21.23) 



However, the hydrolysis reactions of acid chlorides and anhydrides are almost never used 
for the preparation of carboxylic acids, because these derivatives are themselves usually 
prepared from acids (Sec. 20.9). Rather, these reactions serve as reminders that if samples 
of acid chlorides and anhydrides are allowed to come into contact with moisture they 
will rapidly become contaminated with the corresponding carboxylic acids. 

E. Mechanisms and Reactivity in 

Nucleophilic Acyl Substitution Reactions 

As you've seen, all carboxylic acid derivatives can be hydrolyzed to carboxylic acids- 
however, the conditions under which the different derivatives are hydrolyzed differ consid- 
erably. Hydrolysis reactions of amides and nitriles require heat as well as acid or base; 
hydrolysis reactions of esters require acid or base, but require heating only briefly, if at 
all; and hydrolysis reactions of acid chlorides and anhydrides occur rapidly at room 
temperature even in the absence of acid and base. These trends in reactivity, which are 
observed not only in hydrolysis, but in all nucleophilic acyl substitution reactions, can 
be summarized as follows: 

Reactivities of carboxylic acid derivatives in nucleophilic acyl substitution reactions: 

acid chlorides > anhydrides » esters, acids > amides > nitriles (21.24) 

(The reactions of nitriles are additions, not substitutions, but are included for 
comparison.) 

The practical significance of this reactivity order is that selective reactions are possible. 
In other words, an ester can be hydrolyzed under conditions that will leave an amide in 
the same molecule unaffected; likewise, nucleophilic substitution reactions on an acid 
chloride can be carried out under conditions that will leave an ester group unaffected. 

Understanding the trends in relative reactivity requires, first, an understanding of the ; 
mechanisms by which nucleophilic acyl substitution reactions take place. (The reactivity of > 
nitriles is considered later.) For the sake of simplicity, imagine a reaction of a nudeophile, f 
:Nuc, with a carboxylic acid derivative containing a leaving group X under neutral orf 
basic conditions. The substitution reaction involves formation of a tetrahedral addition f 
intermediate. 



R— C— X 
Cnuc 



R— C— X * 
Nuc 

tetrahedral addition 
intermediate 



R- 



:0: 
II 

-C— Nuc + :X 



(21.25) ' 



Which step is rate-limiting depends on the carbonyl compound and the nucleophile. 
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